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Abstract. The vulnerability of an individual to predation depends on the availability of
other prey items in the surrounding environment. Interspecific prey aggregations or “neighbor-
hoods” may therefore affect an individual’s vulnerability to predation. We examined the influ-
ence of prey neighborhood structure (i.e., the densities and identities of prey neighborhoods)
on spatial variation in predation in a multi-prey system with a primary apex predator. We com-
bined GPS locations of lions (Panthera leo), kill-site surveys, and spatially explicit density esti-
mates of five species of ungulates for which a significant level of predation was attributable to
lions. In addition to the dual influence of predator activity and vegetation, predation risk was
attributable to the structure of prey neighborhoods for at least two of the five species of prey.
Along with traditionally recognized components of predation (the rate of predator–prey
encounters and prey catchability), we encourage ecologists to consider how prey neighborhood
structure influences spatial variation in predation risk.

Key words: associational refuge; associational susceptibility; consumer–resource dynamics; functional
response; lion; predation risk; prey catchability; prey encounter; short-term apparent competition; ungulate.

INTRODUCTION

Predation is one of nature’s greatest biological forces,
altering the abundance and behavior of prey, sometimes
with cascading effects for community structure and
ecosystem function (Paine 1966, Peckarsky et al. 2008,
Hawlena and Schmitz 2010, Breviglieri et al. 2017; Mor-
ris and Letnic 2017). Central to our understanding of
predator–prey interactions is the heterogeneous distribu-
tion of prey, in which prey aggregations are assumed to
confer net fitness benefits that exceed the costs of a gre-
garious lifestyle (Pulliam and Caraco 1984, Stensland
et al. 2003, Sridhar et al. 2009). The benefits of prey
aggregation include heightened vigilance and detection
of predators (Hunter and Skinner 1998, Ward et al.
2011), predator confusion (Olson et al. 2013), collective
defense (Bertram 1978, Krause and Ruxton 2002), and
risk dilution (Hamilton 1971, Dehn 1990, Caro and Gir-
ling 2005, Schmitt et al. 2014). The costs of prey aggre-
gation include greater potential for resource competition
and disease transmission (Sinclair 1985, Craft 2015).
The costs and benefits of prey aggregations have been

examined largely through the lens of single-species

aggregations, which have examined optimal sizes and
shapes of aggregations to provide safety, reduce vigi-
lance, and maximize foraging rates (Hamilton 1971,
Lehtonen and Jaatinen 2016). In addition to single-spe-
cies aggregations, there is some research suggesting that
larger-scale, multi-species aggregations (hereafter called
prey “neighborhoods,” aggregations of multiple species
of prey in the same home range of the predator; sensu
Addicott et al. 1987) also could change species-specific
vulnerability of individuals to predation (Stensland et al.
2003, Goodale et al. 2017). For example, sticklebacks
(Culaea inconstans) and minnows (Pimephales promelas)
often occur together in streams and have a shared preda-
tor (i.e., yellow perch [Perca flavescens]). Because stickle-
backs reduce their risk of predation with bony,
protective plates, minnows prefer to associate with con-
specifics over sticklebacks, whereas sticklebacks prefer-
entially associate with minnows when predation risk is
high (Mathis and Chivers 2003). Similarly, Grant’s
gazelle (Nanger granti) reduce risk of cheetah predation
by associating with smaller and more vulnerable Thom-
son’s gazelles (Eudorcas thomsonii; Fitzgibbon 1990),
and predation risk to zebra (Equus burchelli) is lower in
association with wildebeest (Connochaetes taurinus; Sin-
clair 1985). Collectively, these studies suggest that bene-
fits of aggregation may not be shared equally among
individuals from different species co-occurring in the
same area.
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The study of large mammals in African savannas has
generated a deep body of empirical and theoretical work
on predator–prey interactions. Over the past decade, sev-
eral influential studies have attempted to distinguish
when predators attempt to maximize encounters by hunt-
ing where prey are most abundant (the probability of a
predator encountering prey) from where prey are most
catchable (the probability of a successful attack, given an
encounter with prey; Hopcraft et al. 2005, Valeix et al.
2009a, Thaker et al. 2011, Davies et al. 2016). In spite of
this work, the influence of prey neighborhoods on preda-
tion risk remains largely unexplored (see Hebblewhite
et al. 2005, Atwood et al. 2009, Gervasi et al. 2013 for
examples from northern latitudes). This knowledge gap
arises because the constituent species in a prey neighbor-
hood frequently vary in traits that affect their vulnerability
(Creel et al. 2014, Schmitt et al. 2014). Both the density
and the traits of species in a prey neighborhood could alter
vulnerability to predation for individual prey if, for exam-
ple, smaller species are at greater risk of predation than
larger species (Sinclair et al. 2003, Hopcraft et al. 2010).
We examined the effect of prey neighborhood struc-

ture alongside the effects of two commonly considered
“components” of predation (Lima and Dill 1990, Moll
et al. 2017), predator–prey encounter rates and catcha-
bility (the probability of a kill given an encounter, sensu
Hopcraft et al. 2005, Ford et al. 2014), on patterns of
mortality from predation for a multi-prey system in a
semiarid savanna. Here, we equate “prey neighborhood
structure” as the density and identity of prey species in
the vicinity of a kill site. This definition includes con-
specifics and heterospecifics, but excludes species unli-
kely to be killed by the focal predator. We tested three
groups of hypotheses to explain the location and species
identity of kills made by lions: (1) the Prey Neighbor-
hood Hypothesis, (2) the Prey Catchability Hypothesis,
and (3) the Predator–Prey Encounter Hypothesis, in
addition to interactions among 1–3.
With regard to the Prey Neighborhood Hypothesis,

we tested three subhypotheses representing different
prey neighborhood structures. These subhypotheses are
not an exhaustive set of prey neighborhood possibilities;
rather, they reflect a compromise between our a priori
understanding of this system and analytical tractability
(Burnham and Anderson 2002).

Hypothesis 1A. Prey Neighborhood: conspecific density.—
Vulnerability to predation for a focal species is a func-
tion of conspecific density, such that risk of predation
(Ford et al. 2014, Ali et al. 2017) is diluted with increasing
density of conspecifics.

Hypothesis 1B. Prey Neighborhood: total prey density.—
Vulnerability to predation for a focal species is a func-
tion of the total density of prey in the neighborhood,
such that the combined density of conspecifics and het-
erospecifics—but not their identity—influences risk of
predation (Fortin and Fortin 2009).

Hypothesis 1C. Prey Neighborhood: zebra density.—
Zebra are the most abundant wild ungulate in our study
system, where they support a population of recently
recolonized lions (Frank et al. 2003, Georgiadis et al.
2007). The distribution and abundance of such numeri-
cally dominant prey should be particularly influential
with regard to consumption of rarer (secondary) prey
(Root 1973). If hunting by predators is targeted toward
areas with high cumulative prey availability, secondary
prey that occur in close proximity with primary prey
should face rates of predation higher than expected
based on their abundance (Stephens and Krebs 1986,
Schmidt et al. 2001). Likewise, secondary prey should
face low rates of predation relative to their abundance
when they occur away from concentrations of their pri-
mary prey. Therefore, given the prevalence of zebra in
lion diets (see Materials and Methods: Densities, resource
selection, and predation risk for lion prey), and the ten-
dency for lions to concentrate their hunting activity in
areas where zebra are abundant (Ng’weno 2017), we
expected vulnerability to predation for a (non-zebra)
focal species to be particularly influenced by its spatial
association with zebra. On the one hand, vulnerability
to predation for a larger-bodied focal species could be
diluted through association with zebra (i.e., associa-
tional refugia), which may be more vulnerable to preda-
tion (Sinclair et al. 2003, Whelan et al. 2003, Owen-
Smith and Mills 2008, Hopcraft et al. 2010, Preisser and
Orrock 2012). Alternatively, vulnerability to predation
for a smaller-bodied focal species could be enhanced
through association with zebra (i.e., associational sus-
ceptibility or short-term apparent competition), which
may be less vulnerable to predation (Holt and Kotler
1987, Brown and Mitchell 1989, Sinclair et al. 2003,
Owen-Smith and Mills 2008, Hopcraft et al. 2010, Preis-
ser and Orrock 2012).
Additionally, we tested the following hypotheses.

Hypothesis 2. Prey Catchability.—Vulnerability to pre-
dation for a focal species changes in areas with vegeta-
tive cover (Hopcraft et al. 2005, Thaker et al. 2011,
Valeix et al. 2011, Loarie et al. 2013, Ford et al. 2014)
regardless of conspecific or heterospecific density.

Hypothesis 3. Predator–Prey Encounters.—Vulnerability
to predation for a focal species is correlated posi-
tively with lion activity (Fischhoff et al. 2007, Thaker
et al. 2011), regardless of conspecific or heterospecific
density.
Finally, we tested for plausible two-way interactions

and a three-way interaction between Hypotheses 1, 2,
and 3.

Hypothesis 1 9 Hypothesis 2. Prey Neighborhoods 9

Prey Catchability.—Vulnerability to predation for a
focal species changes in areas with high vegetative cover,
contingent on conspecific density, total prey density, or
zebra density.
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Hypothesis 1 9 Hypothesis 3. Prey Neighborhoods 9

Predator–Prey Encounters.—Vulnerability to predation
for a focal species is correlated positively with lion activ-
ity, contingent on conspecific density, heterospecific den-
sity, or zebra density.

Hypothesis 2 9 Hypothesis 3. Prey Catchability 9 Preda-
tor–Prey Encounters.—Vulnerability to predation for a
focal species arises from a combination of lion activity
and vegetative cover (Tambling et al. 2010, Loarie et al.
2013), regardless conspecific density, heterospecific den-
sity, or zebra density.

Hypothesis 1 9 Hypothesis 2 9 Hypothesis 3. Prey
Neighborhoods 9 Prey Catchability 9 Predator–Prey
Encounters.—Vulnerability to predation for a focal spe-
cies changes in areas with high vegetative cover, contin-
gent on lion activity and conspecific density,
heterospecific density, or zebra density.

MATERIALS AND METHODS

Study area

We conducted our study at Ol Pejeta Conservancy,
a 364-km2 semiarid savanna (0°.000 N–0°.020 S; 36°.440–
36°.590 E) in Laikipia County, Kenya. Mean annual
rainfall across the property is 900 mm, with marked
interannual variation (Birkett 2002, Wahungu et al.
2011). Ol Pejeta is characterized by a discontinuous
overstory of Acacia drepanolobium and Euclea divino-
rium; the property is managed jointly for wildlife
conservation and cattle (Bos indicus) production.
Approximately 70 lions occur in five prides and are
responsible for a significant level of predation on the
most common large (≥30 kg) ungulates, which account
for 78% of the large ungulates on Ol Pejeta: buffalo
(Syncerus caffer), hartebeest (Alcephalus busephalus),
impala (Aepyceros melampus), warthog (Phacochoerus
aethiopicus), and plains zebra (hereafter simply “zebra”;
Appendix S1: Fig. S1). Other large carnivores include
African wild dogs (Lycaon pictus), cheetah (Acinonyx
jubatus), leopards (Panthera pardus), and spotted hyena
(Crocuta crocuta). In addition to the aforementioned
species, less-common ungulates at Ol Pejeta Conser-
vancy include black (Diceros bicornis) and white rhino-
ceros (Ceratotherium simum), eland (Tragelaphus oryx),
elephant (Loxodonta africana), giraffe (Giraffa camelo-
pardalis), Grant’s gazelle, Grevy’s zebra (Equus grevyi),
oryx (Oryx beisa), Thomson’s gazelle, and waterbuck
(Kobus ellipsiprymnus).

Lion capture and kill site surveys

Between March and May 2014, and with the assis-
tance of a Kenya Wildlife Service veterinary team, we
captured and immobilized five female lions from differ-
ent prides representing 55 individuals (see methods in

Frank et al. 2003). Lions were darted using a CO2 rifle
(Dan-inject RSA, Skukuza, South Africa) from a parked
field vehicle at 10–30 m with a combination of ketamine
(0.2 mg/kg) and medetomidine (0.03 mg/kg). Immobi-
lized individuals were fitted with Global Positioning Sys-
tem (GPS) collars (Vectronic Aerospace GmbH, Berlin,
Germany) before reversal with atipamezole (0.33 mg/
kg). Following reversal, individuals were observed until
they rejoined other pride members. Once per week
between March 2014 and December 2015, we used
hand-held telemetry receivers (R-1000, Communication
Specialists, Orange, California, USA) to download loca-
tion data via UHF bidirectional radio link.
GPS collars were programmed to record locations

every hour between 18:00 and 07:00 (when lions are
most active; Ng’weno 2017, Oriol-Cotterill et al. 2015)
plus a fix at 12:00; thus, all collars made 15 daily fix
attempts during the study period. Outside Laikipia,
lions may exhibit fission–fusion dynamics (Mosser and
Packer 2009); within Laikipia (Oriol-Cotterill et al.
2015) and elsewhere (Schaller 1972), lions live in stable
social units (prides) that usually hunt together. We equa-
ted activity of telemetered individuals with the probabil-
ity of encountering lions from the perspective of their
ungulate prey, although fusion or fission of individuals
may compromise the validity of this assumption. How-
ever, for the purposes of our study, we consider this
assumption reasonable for two reasons. First, we calcu-
lated overlap of telemetered individuals in the wet and
dry seasons, in core areas (50% kernel) and entire home
ranges (90% kernel) using a smoothing factor of 1,000 m
between kernel densities and seasons. Core areas of indi-
viduals barely overlapped during both seasons
(Appendix S2: Table S2; see also Mosser and Packer
2009, VanderWaal et al. 2009), and individuals exhib-
ited minimal overlap of entire home ranges during both
seasons (Appendix S2: Table S2). Second, during data
downloads, we occasionally tallied the other (uncol-
lared) members of prides that were within 100 m of the
collared individual; the majority (~80%) of uncollared
members of prides were within 100 m of the collared
individual for >95% of data downloads. Therefore, col-
lars permitted us to simultaneously locate kills made by
specific prides and to estimate activity of specific prides.
Collectively, these five prides represented 79% of the lion
population at Ol Pejeta Conservancy.
We located lion kills by identifying GPS clusters using

an algorithm adapted from Knopff et al. (2009; see also
O’Brien et al. 2018). We defined a cluster as two or more
successive GPS relocations occurring within 100 m of
each other between 18:00 and 07:00 (i.e., omitting the
location at 12:00). From previous work on hunting
behavior of lions (Tambling et al. 2010), we assumed
that clusters were indicative either of ambush locations
or kill sites (collectively, “potential kill sites”). We visited
potential kill sites within 3–4 d of downloading location
data and searched for evidence of kills within a 50-m
radius from the cluster centroid for a maximum of
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30 min. Based on lion claw and bite marks on carcasses,
and lion tracks, scat, and hair, we classified potential kill
sites as kill sites (i.e., instances in which carcasses both
were found and were verified to be killed by lions;
n = 246), or non-kills (i.e., instances in which no car-
casses were found [n = 99] at potential kill sites, or in
which sign of other large carnivores occurred, such that
we could not distinguish lion kills from scavenging by
lions [n = 23]).
To quantify predator–prey encounters, we used GPS

tracking to estimate a lion’s utilization distribution
(UD), which we equated with a pride’s UD. We assumed
that UDs represented the probability of an encounter
between a lion and potential prey. We constructed 246
kill-site-specific UDs, each from the location data from
a single month prior to the date at which a kill occurred,
for the pride responsible for the kill. We then used kernel
density estimation with least squares cross validation
and a smoothing factor of 1,000 m using R package ade-
habitatHR version 1.8.18 (Seaman and Powell 1996,
Calenge 2006).

Densities, resource selection, and predation risk for lion
prey

We estimated population density (individuals/km2) for
the five species of ungulates killed frequently by lions
(Appendix S1: Fig. S1) and for which we detected ≥ 20
kill sites. Collectively, these five species (hereafter “lion
prey”) accounted for 94% of the lion kills that we
detected from GPS clusters. To quantify prey neighbor-
hoods, we conducted a series of quarterly, vehicle-based,
drive transects between August 2014 and November
2015 (n = 6 sampling periods). We systematically drove
12 (4–13 km) transects at 10–15 km/h, based on a prede-
termined, random, starting point within the study area.
The same 12 transects were driven each quarter; a total
of 3 d were dedicated to each sampling period. All
counts were conducted between 07:00 and 11:00 by three
trained observers. One observer was responsible for driv-
ing and maintaining the route via GPS, while the other
two observers recorded species, herd size, sighting dis-
tance, and bearing to all lion prey. We measured sighting
distance using laser rangefinders and recorded bearings
using a compass. We estimated densities and effective
strip width (ESW) for detection functions for each
species of lion prey in each survey using the R package
distance, version 0.9.7 (Miller 2017).
Using the following procedure, we generated spatially

explicit density estimates for each of the five species of
lion prey from each of the six surveys using resource
selection functions (RSFs). First, we compared used
points where lion prey were sighted during the quarterly
drive transects to “available points.” Available points
were constrained to the distance at which ≤95% of sight-
ings occurred from transects, specific to the species of
lion prey and survey. Second, we used generalized linear
mixed-effect models to estimate species 9 survey-specific

RSF coefficients. We tested for selection of three contin-
uous variables known to influence the abundance and
distribution of lion prey on the landscape: (1) NDVI
(normalized difference vegetation index, a metric associ-
ated with visibility, see Resource selection functions for
kill sites); (2) distance to glades (nutrient-rich grazing
lawns derived from livestock corrals [Augustine et al.
2003, Porensky and Veblen 2015, ]); and (3) distance to
water sources (Valeix et al. 2009b). Further, because the
abundance and distribution of lion prey can change sea-
sonally (e.g., Ogutu et al. 2008, Kiffner et al. 2014), we
evaluated differences in selection between wet (March–
May, August–November) and dry (June–July, Decem-
ber–February) season sampling. Transect was included
in models as a random effect. We used Akaike’s infor-
mation criterion corrected for small sample sizes (AICc)
to evaluate support for competing RSF models, then
averaged parameter estimates for all models for a species
with DAICc ≤ 2 (Burnham and Anderson 2002). We per-
formed model selection and averaging using the R pack-
age MuMIn version 1.15.6. (Barton 2016). Then, we
projected the RSF in each 30 9 30 m grid cell across
our study area. We rescaled each RSF to create continu-
ous estimates ranging between 0 (strongest avoidance)
and 1 (strongest selection), which we split into five bins
of equal width following Morris et al. (2016). Finally,
we combined species 9 survey-specific densities with
species 9 survey-specific RSFs to create spatially explicit
density estimates for each species of lion prey at each
survey. We validated RSF-generated estimates of prey
density using camera-trap surveys (Appendix S3). For
similar approaches to estimating population densities
from RSFs, see Boyce et al. (2016).
From species 9 survey-specific densities and kill sites,

we calculated Jacobs’ index (D) for the five species of
lion prey, where D = (r � p)/(r + p � 2rp), where r is the
proportion of kill sites comprised of a particular species
of lion prey and p is the proportional availability of that
species of lion prey (Jacobs 1974). In addition to their
numerical dominance (Georgiadis et al. 2007) and high
prevalence in lion diets (see below), zebra were killed in
proportion to their abundance in both wet and dry sea-
sons (Fig. 1), bolstering the interpretation that an abun-
dant zebra population has fueled the recolonization of
lions to Laikipia.

Resource selection functions for kill sites

We measured visibility as a surrogate for prey catcha-
bility. Visibility is associated inversely with predation
risk for lions elsewhere in sub-Saharan Africa (Hopcraft
et al. 2005, Thaker et al. 2011, Valeix et al. 2011; see
also Ford et al. 2014, Riginos 2015). To measure visibil-
ity, we used the normalized difference vegetation index
(NDVI) from a Rapideye satellite image (5 m resolution;
Digital Globe, Longmont, Colorado, USA) acquired in
May 2013 (Pettorelli et al. 2005, Bro-Jørgensen et al.
2008). We validated the relationship between NDVI and
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visibility with the following procedure. First, we created
circular plots with radii of 50 m around each of the 246
kill sites. At the center of each circular plot, we used a
laser rangefinder to measure distance to the nearest
obstruction (branches, leaves, thick grass) at a height of
96 cm (average shoulder height for lions) at 72° intervals
(Ford et al. 2014). For each kill site, we averaged the five
visibility measurements and correlated this value to the
NDVI value at the center of each circular plot. Average
visibility and NDVI were correlated negatively (Pear-
son’s r = �0.42; P < 0.01), demonstrating that satellite-
derived estimates of NDVI are reflective of actual
visibility. We constructed kill occurrence RSFs (sensu
Kauffman et al. 2007, Ford et al. 2014, Ali et al. 2017)
for each species of lion prey. Kill occurrence RSFs quan-
tify the risk of mortality from lion predation as a func-
tion of five predictor variables, framed as non-mutually

exclusive hypotheses: conspecific density, total prey den-
sity, zebra density, visibility, and lion activity (Table 1).
To create kill occurrence RSFs, we employed a use-

availability design (Manly et al. 2002). First, we defined
“use” as kill-site locations within pride home ranges
(95% UD) and defined “availability” as random points
within pride home ranges, subject to the constraint that
random points could not fall within 500 m of used
points (Thaker et al. 2011, 2011, Gervasi et al. 2013).
For each used location, we generated five available loca-
tions using GIS software (ArcGIS Version 10; ESRI
2011). For kill sites that occurred at least one week
before or after the timing of our drive transects (n = 235
out of 246 kill sites), we computed weighted averages for
pairs of species 9 survey-specific density estimates asso-
ciated with each kill (30 9 30 m cells). For each pair of
drive transects associated with these 235 kill sites, we
allocated proportionally more weight to the density esti-
mates coinciding more closely with the date at which a
kill occurred. We then extracted corresponding estimates
based on weighted averages of lion-prey density for each
used or available location. We validated weighted aver-
ages of prey density using camera-trap surveys
(Appendix S3). Then, we developed generalized linear
models to represent Hypotheses 1–3, calculated AICc

values and AICc weights (Wi) using the R package
MumIn version 1.15.6 (Barton 2016), and used these as
metrics for strength of evidence to compare the perfor-
mance of competing models (Burnham and Anderson
2002). Finally, we averaged species-specific estimates of
parameters in models with DAICc ≤ 2.
Because associations between zebra density and kill

occurrence of (non-zebra) focal species could arise due
simply to habitat overlap, we tested this null hypothesis
for focal species exhibiting a neighborhood effect with
zebra (Appendix S4). All analyses were undertaken in R
version 3.4.0 (R Development Core Team, 2017).

FIG. 1. Jacobs’ index for selectivity of five species of lion
prey (mean � SE). Values close to 0 indicate that particular spe-
cies are being killed in proportion to their availability.

TABLE 1. Summary of hypotheses and predictor variables used to evaluate drivers of kill site occurrence.

Hypothesis Predictor variables

Number Description
H1A Prey Neighborhoods: conspecific density conspecific density (individuals/km2; i.e., estimated density of a

focal species of lion prey) in 30 9 30 m cells
H1B Prey Neighborhoods: total prey density total density of prey (individuals/km2) in 30 9 30 m cells
H1C Prey Neighborhoods: zebra density zebra density (individuals/km2) in 30 9 30 m cells
H2 Prey Catchability visibility (i.e., 1 � NDVI) in 30 9 30 m cells
H3 Predator–Prey Encounters lion activity (95% utilization distribution) in 30 9 30 m cells
H1 9H2 Prey Neighborhoods 9 Prey Catchability

(submodels A–C)
interaction between individual terms for prey neighborhoods
and visibility

H1 9H3 Prey Neighborhoods 9 Predator–Prey
Encounters (submodels A–C)

interaction between individual terms for prey neighborhoods
and lion activity

H2 9H3 Prey Catchability 9 Predator–Prey Encounters interaction between visibility and lion activity
H1 9H2 9 H3 Prey Neighborhoods 9 Prey Catchability 9

Predator–Prey Encounters (submodels a–c)
interaction between individual terms for prey neighborhoods,
visibility, and lion activity

Notes: The Prey Neighborhoods Hypothesis includes three submodels (A–C), each of which was tested interactively with the
Prey Catchability and Predator–Prey Encounters Hypotheses.
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RESULTS

We recorded 17,788 GPS relocations from collared
lionesses (average 4,447 � 31 locations per individual
[mean � SE]). Average home range size for prides during
the wet season (March–May, August–November) aver-
aged 79.3 � 18.3 km2, while dry season (December–
February, June–July) home ranges averaged 69.4 � 20.1
km2. From August 2014 to December 2015, we located
246 kill sites of which 231 were the aforementioned five
species of lion prey (Appendix S5: Table S1).
For no species of lion prey did season influence

resource selection (Appendix S6: Table S1), so we did
not generate kill occurrence RSFs for separate seasons.
Prey neighborhoods predicted kill occurrences for
buffalo, hartebeest, and warthogs, although the null
(intercept only) model was within 2 AIC units of the
top-supported model for warthogs. Conspecific density
did not predict kill occurrence for any species of lion
prey (Table 2). Buffalo were killed less frequently
(Table 2; Fig. 2a, Fig. 3a) and hartebeest were killed
more frequently (Table 2; Fig. 2b, Fig. 3b) with
increasing zebra density; we rejected the null hypothesis
that these neighborhood effects were due simply to
habitat overlap between zebra and hartebeest (Appen-
dix S4: Fig. S1a) or lack thereof between zebra and
buffalo (Appendix S4: Fig. S1b). For buffalo, the
neighborhood effect with zebra was more pronounced
where lions were most active. Hartebeest were killed
less frequently with increasing visibility and lion activ-
ity (Fig. 2b, Fig. 3b).
Interactions between prey neighborhoods, visibility,

and lion activity predicted kill occurrence for every spe-
cies of lion prey but warthog, although model fit was
poor for impala (Table 2; Fig. 2c); no three-way

interaction was supported for any species of lion prey
(Table 2). The probability of occurrence for buffalo kill
sites decreased with increasing zebra density where lions
were most active, but showed no relationships with zebra
density where lion activity was minimal (Fig. 2a;
Fig 3a). Hartebeest were killed more frequently where
visibility was high at maximal lion activity, and were
killed more frequently where visibility was low at mini-
mal lion activity (Fig. 2b; Fig. 3b). For zebra, risk of
predation declined gradually with increasing visibility in
areas of high lion activity; in areas where lion activity
was low, kill occurrence for zebra decreased steeply with
increasing visibility (Fig. 2d; Fig. 3c).

DISCUSSION

For four of the five species of lion prey in our system,
we found support for a combination of prey neighbor-
hoods, prey catchability, and predator–prey encounters
in driving landscape-level patterns of kill site occurrence.
Prey neighborhoods altered risk of predation for individ-
uals of at least two of the five focal species of lion prey
(buffalo and hartebeest), via distinct pathways. Buffalo
experienced lower predation risk when associating with
zebra when encounters with lions were frequent, sup-
porting the hypothesis that prey neighborhoods dilute
risk for some species (Sinclair 1985, Fitzgibbon 1990,
Mathis and Chivers 2003, Stensland et al. 2003, Schmitt
et al. 2014, Sutton et al. 2015). On the other hand, pre-
dation risk for hartebeest was elevated in association
with zebra, implying that apparent competition with
zebra may negatively impact hartebeest populations
(Ng’weno et al. 2017; see also James et al. 2004, DeCe-
sare et al. 2010, Wittmer et al. 2013). Because lions have
been restored to Laikipia relatively recently (Georgiadis

TABLE 2. Results of model selection (DAICc) for hypotheses on species-specific resource selection functions for kill occurrence.

Hypothesis Buffalo Hartebeest Impala Warthog Zebra

Number Null Model (intercept only) 3.62 5.03 4.18 1.57 45.33
H1A Prey Neighborhoods: conspecific density 4.77 3.06 6.22 3.27 47.34
H1B Prey Neighborhoods: total prey density 4.78 4.92 5.42 1.74 47.32
H1C Prey Neighborhoods: zebra density 0.82 1.51 6.20 3.26 -
H2 NDVI 5.56 0.00 4.55 0.00 32.92
H3 Lion Activity 1.74 6.34 0.00 3.55 20.92
H1A 9H2 Conspecific Density 9 NDVI 8.84 2.84 7.86 2.13 35.45
H1A 9H3 Conspecific Density 9 Lion Activity 4.85 6.30 4.11 7.25 24.67
H1B 9 H2 Total Prey Density 9NDVI 8.00 2.64 8.45 2.29 35.95
H1B 9 H3 Total Prey Density 9 Lion Activity 3.30 7.81 2.04 4.69 23.77
H1C 9 H2 Zebra Density 9 NDVI 4.64 2.07 8.36 3.21 -
H1C 9 H3 Zebra Density 9 Lion Activity 0.00 4.77 3.60 7.22 -
H2 9H3 NDVI 9 Lion Activity 5.52 0.83 1.54 3.66 0.00
H1A 9H2 9 H3 Conspecific Density 9 NDVI 9 Lion Activity 13.06 7.53 5.13 9.80 5.65
H1B 9 H2 9 H3 Total Prey Density 9NDVI 9 Lion Activity 10.51 7.38 4.84 9.06 6.51
H1C 9 H2 9H3 Zebra Density 9 NDVI 9 Lion Activity 8.05 5.51 2.09 9.64 -

Notes: NDVI, normalized difference vegetation index. Boldface type indicates the change in the Akaike information criterion
corrected for sample size (DAICc). Models are depicted graphically in Fig. 2. For zebra, models containing “zebra density” are
redundant with those containing “conspecific density.”
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et al. 2007, Ng’weno et al. 2017), associations between
zebra and hartebeest may be transitory and are likely to
become less common in the future. Our work provides a
complementary approach to a series of studies (Kauff-
man et al. 2007, Valeix et al. 2009b, Anderson et al.
2010, 2016, Thaker et al. 2011, Creel et al. 2014, Ford
et al. 2014, Gallagher et al. 2017, O’Brien et al. 2018)
that attribute spatial variation in predation risk to varia-
tion in catchability, predator–prey encounters, or both
(Fig. 3). We add to this work with the discovery that
spatial variation in prey neighborhood structure can
either amplify or dilute the risk of predation experienced
by individuals (Fig. 4).
In addition to the influence of prey neighborhoods on

kill site occurrence, our work supports the influence of
prey catchability and predator–prey encounters in driv-
ing landscape-level patterns of predation, as has been
described elsewhere (Hopcraft et al. 2005, Thaker et al.
2011, Valeix et al. 2011, Loarie et al. 2013, Ford et al.
2014). The majority of prey species incurred higher

mortality in areas where lion activity was high. Where
lion activity was low, kills of hartebeest and zebra were
unlikely in all but the most densely vegetated areas char-
acterized by low visibility. Where lion activity was high,
occurrence of zebra kills declined steadily with increas-
ing visibility, whereas occurrence of hartebeest kills
increased with increasing visibility. This result suggests
that changes in visibility (e.g., via shrub encroachment
or bush clearing [Ford et al. 2016, ]) in combination with
shifting patterns of lion extirpation and restoration
(Georgiadis et al. 2007, Bauer et al. 2015, Ng’weno
et al. 2017) will differentially alter the abundance and
distribution of lion prey. Given that hartebeest are of
strong conservation concern in Laikipia (Georgiadis
et al. 2007), efforts to spatially segregate lions and harte-
beest in open habitats are likely to improve survival rates
of hartebeest.
The degree to which prey neighborhoods dilute or

exacerbate risk should depend on predator selection for
a focal species relative to those in its neighborhood.

FIG. 2. Standardized coefficients (b � SEM) from kill-site resource selection functions with the strongest support for (a) buffalo,
(b) hartebeest, (c) impala, and (d) zebra. Bars appear for main effects and interaction terms included in the supported models. Error
bars represent standard errors. A positive coefficient for lion activity indicates higher risk of predation when and where lion utilization
is high. A positive coefficient for visibility indicates higher risk of predation in the open (i.e., where NDVI is low) and vice versa.
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Across their geographic range, lions prefer prey with a
mean mass of ca. 200 kg (Hayward and Kerley 2005); at
our study site, however, lions selected for hartebeest
(~100 kg), killed zebra (~175 kg) in proportion to their
abundance (see also O’Brien et al. 2018) and avoided
prey toward the opposite ends of the size spectrum (im-
pala [~30 kg], buffalo [~400 kg]). Consequently, associa-
tion with zebra exacerbated risk of predation to
hartebeest and diluted risk for buffalo. Despite their
small size, we speculate that warthogs are selected due to
some combination of slow evasion speeds and reduced
vigilance, relative to other lion prey (see also Hayward
and Kerley 2005).
Neighborhood effects should be widespread in multi-

prey systems where species differ in their vulnerability to
predation, and are expected to occur through at least
two pathways. First, neighborhood effects may emerge
when predators concentrate hunting in areas of high
abundance for their primary (i.e., most commonly con-
sumed) prey, and consume other (less commonly con-
sumed, secondary) prey by virtue of their proximity to
primary prey. Such short-term apparent competition

(i.e., “associational susceptibility” [White and Whitham
2000, ] or “shared doom” [Wahl and Hay 1995]) charac-
terized prey neighborhoods of hartebeest, which
incurred higher risk of predation in association with
zebra. Second, and conversely, association with a diver-
sity of prey may divert predators from consuming partic-
ular species, thereby reducing predation on that species
(Whelan et al. 2003, Hughes 2012). Such an associa-
tional refuge conferred safety to buffalo in association
with zebra where lions were most active (Fig. 3a). In the
presence of alternative prey, buffalo likely are a more
dangerous option for lions, and may therefore be
avoided (Mukherjee and Heithaus 2013).
A major challenge for future study is to understand

the scale dependence over which prey neighborhoods are
perceived by predators, as scale-dependent neighbor-
hood effects have been noted elsewhere (e.g., Emerson
et al. 2012, Champagne et al. 2016). In other words,
over what temporal and spatial extents do individuals
experience costs or benefits of prey neighborhoods?
Elsewhere in sub-Saharan Africa, ungulates aggregate
more strongly in the dry season. In such instances, we

FIG. 3. Graphical predictions and 90% confidence intervals from kill-site resource selection functions for three species of lion
prey. The effect of visibility on the predicted probability of kill occurrence differs across levels of lion utilization and vice versa, i.e.,
probability of kill occurrence changes with one-unit change of zebra density and visibility while holding lion utilization constant at
different levels (minimum = 0.05 and maximum = 0.95).
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might expect the effects of prey neighborhoods, positive
or negative, to be accentuated, as individuals congregate
around water sources and other limited resources (Ayeni
1975, Valeix 2011). Ultimately, our inferences are con-
strained by the fact that bulk of our sampling was con-
ducted during the wet season, with only one set of drive
transects conducted in the dry season. In light of the fact
that ungulates tend to be dispersed widely in the wet sea-
son, we believe our results are conservative: given more
extensive data during the dry season, we expect the influ-
ence of prey neighborhoods on kill-site occurrence
might have been magnified.
With regard to spatial scale, we restricted prey neigh-

borhoods to 900-m2 grid cells, which we selected as a
compromise between the size of pride home ranges, the
number of grid cells in which kill sites occurred, and the
area over which prey aggregations arose. This spatial
scale was sufficiently resolute to detect neighborhood
effects for two of the five species of lion prey in our sys-
tem. In a recent meta-analysis of plant–herbivore inter-
actions, decreasing spatial scale (plot size) increased the
strength of neighborhood effects, regardless of the direc-
tion of the effect (Champagne et al. 2016). We cannot
rule out the possibility that, had we attempted to quan-
tify prey neighborhoods at spatial scales finer than
900 m2, we would have detected neighborhood effects in

risk of mortality for the remaining species of lion prey
(i.e., impala, warthog, and zebra, in addition to buffalo
and hartebeest). At least with respect to predation by
lions per se, we believe this scenario to be unlikely for
two reasons. First, predation on impala is distributed
relatively evenly among lions, leopards, and cheetahs
(Appendix S1: Fig. S1), and impala are rarely targeted
by lions elsewhere (Hayward and Kerley 2005, Ford
et al. 2014, Davies et al. 2016). Therefore, while impala
may confer increased vigilance and early detection in
prey neighborhoods, their own mortality likely is less
sensitive to predation by lions than more commonly
consumed ungulates. Second, zebra are at least twice as
abundant as buffalo, warthog, and hartebeest at Ol
Pejeta (Appendix S5: Table S1), and therefore should be
particularly influential with regard to consumption of
rarer (secondary) prey (see also Root 1973).
Although they exhibit a rich intellectual history in the

study of plant–herbivore interactions (e.g., Root 1973,
Callaway 1995, Brooker et al. 2008, Barbosa et al. 2009,
Coverdale et al. 2018) and pest control (e.g., Root and
Kareiva 1984, Kromp 1999, Landis et al. 2000, Zehnder
et al. 2007), neighborhood effects are less widely appre-
ciated in predator–prey systems, particularly those dom-
inated by large mammals. In conjunction with classic
components of predation (predator–prey encounter rates

FIG. 4. Spatial variation in risk of predation based on model-averaged coefficients from resource selection functions of kill
occurrence for (a) buffalo, (b) hartebeest, and (c) zebra. The boundary for Ol Pejeta Conservancy boundary is shown as a thick
black line. Predation risk transitions from high (red) to low (green) risk.
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and catchability), we have demonstrated the importance
of prey neighborhoods in influencing risk of predation
in a multi-prey, single predator savanna ecosystem.
We encourage ecologists working on predator–prey
interactions in multi-prey systems to consider the poten-
tial for prey neighborhoods to shape risk of predation
across expansive landscapes, and to develop studies to
quantify whether and how prey deliberately form neigh-
borhoods.
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